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Recent studies have suggested that the organic matter contents of undisturbed soils (under natural
vegetation) are in equilibrium with biological and biochemical properties. Accordingly, we hypothesised
that such equilibria should be disrupted when soils are subjected to disturbance or stress, and that
measurement of this disruption can be expressed mathematically and used as a soil quality index. In this
study, we evaluated these hypotheses in soils from the H.J. Andrews Experimental Forest in Oregon. Both
O and A horizons were sampled from nine sites in Spring 2005 and Fall 2006. Soil samples were analyzed
for enzyme activities (phosphatase, b-glucosidase, laccase, N-acetyl-glucosaminidase, protease and
urease), and other biological and chemical properties including N-mineralization, respiration, microbial
biomass C (MBC), soil organic carbon (SOC) and total nitrogen content. In addition, soil samples from one
old-growth site were manipulated in the laboratory to either simulate chemical stresses (Cu addition or
pH alteration) or physical disturbances (wet–dry or freeze–thaw cycles). The results showed variation in
biological and biochemical soil properties that were closely correlated with SOC. Multiple regression
analysis of SOC levels against all soil properties showed that a model containing only MBC and phos-
phatase activity could account for 97% of the SOC variation among the sites. The model ﬁt was inde-
pendent of spatial and temporal variations because covariates such as site, stand age, sampling date, and
soil horizon were found to be not statistically signiﬁcant. Although the application of stress/disturbance
treatments inconsistently affected most of the individual biochemical properties, in contrast, the ratio of
soil C predicted by the model (Cp), and soil C measured (Cm) was consistently reduced in soils submitted
to at least one level of stress and disturbance treatments. In addition, Cp/Cm was more affected in soils
submitted to wet–dry cycles and Cu contamination than to freeze–thaw cycles or shifts in soil pH. Our
results conﬁrm previous evidence of a biochemical balance in high quality undisturbed soils, and that
this balance is disrupted when the soil is submitted to disturbances or placed under stress conditions.
The Cp/Cm ratio provides a simple reference value against which the degrading effects of pollutants or
management practices on soil quality can be assessed.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Biochemical soil properties have beenwidely used as indicators of
soil quality because of their essential role in soil biology, ease of
measurement, and sensitivity to environmental change compared to
most physical and chemical properties (Dick et al.,1996; Riffaldi et al.,
2002; Miralles et al., 2007). However, the use of these parameters as
indicators of soil quality, both individually and combined, has beenx: þ55 21 2682 1230.
haer).
All rights reserved.criticized due to the lack of reference values, their contradictory
behaviors when a soil is degraded, and the seasonal and regional
variations in expression levels (Nannipieri,1994; Trasar-Cepeda et al.,
2000; Spedding et al., 2004; Gil-Sotres et al., 2005).
Aiming to address these limitations, Trasar-Cepeda et al. (1998)
proposed a new approach to develop a biochemical-based index of
soil quality that dispenses the need for reference data, and that is
independent of both seasonal and among-site variations in soil
conditions. They showed that in undisturbed native soils under
climax vegetation there is an equilibrium between soil organic
matter content and biological activity. The equilibrium was
expressed by an equation that deﬁned total soil N content as
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the activities of phosphatase, b-glucosidase and urease. Because
soils under climax vegetation are considered to be of high quality
(Fedoroff, 1987; Doran et al., 1994), and because the equation was
statistically very signiﬁcant (R2¼ 0.97, p< 0.001), Trasar-Cepeda
et al. (1998) suggested that any disturbance or stress on a soil will
modify this relationship in such a way that the total N calculated
from the equation (Nc) will be either lower or higher than the total
soil N content measured by Kjeldahl digestion (Nk).
Further studies demonstrated the validity of the Nc/Nk ratio to
indicate soil degradation or disturbance in soils affected by
management, mining, or contamination with organic efﬂuents and
with heavy metals (Leiros et al., 1999; Trasar-Cepeda et al., 2000).
These studies showed that in all situations soil degradation was
reﬂected by the Nc/Nk value, whereas none of the individual
biochemical parameters responded consistently to the factors
inﬂuencing soil quality. The Nc/Nk distinguished among bio-
chemically balanced soils, soils in a transient state of high micro-
biological and biochemical activities (i.e., soils that had received an
application of fertilizers or products that stimulate microbial
activity), and truly degraded soils (Leiros et al., 1999). Finally, the
approach distinguished between the effects of current pollutants
versus prior soil degradation, and differentiated between pollut-
ants in regard to their ability to cause different degrees of soil
degradation (Trasar-Cepeda et al., 2000).
Despite these promising results, similar studies have not been
conducted in soils elsewhere in the world other than those where
the original model was developed (Galicia, Spain). Therefore, it is
uncertainwhether other undisturbed high quality soils also express
an equilibrium between soil organic matter and biological/
biochemical properties, andwhether it is disruptedwhen these soils
are degraded. In thiswork,weaimed toevaluate thesehypotheses in
soils under forest vegetation in the Western Cascade Mountains of
Oregon.Multiple regression analysiswasused todeﬁneamodel able
to predict the total soil C and N content of forest soils which had not
been subjected to human intervention for at least 50 years. In
analogy to the Nc/Nk ratio, we evaluated the validity of the ratio
between soil C (or N) predicted by themodel, and the respective soil
C (or N) measured as a soil quality index. This was accomplished by
accessing changes of these ratios in an undisturbed soil submitted
either to chemical stress (Cu and pH), or to physical disturbance
(freeze–thaw and wet–dry cycles) treatments.2. Materials and methods
This study was conducted with soils collected from the H.J.
Andrews Experimental Forest (HJA) situated in the WesternTable 1
Characterization of sampling sites at the H.J. Andrews Experimental Forest (www.fsl.orst
Site Elev. (m) Texture pH Vegetation/m
Old growth sites
37b 952 Silt loam 5.5 Douglas-ﬁra
41d 976 Stony loam 4.5 Douglas-ﬁra;
139c 849 Stony silty loam 5.2 Douglas-ﬁra;
170c 784 Gravelly silty loam 4.5 Douglas-ﬁra;
Second growth sites
89c 661 Clay loam 5.2 Douglas-ﬁra/
112b 600 Gravelly silty clay loam 4.7 Douglas-ﬁra/
113b 667 Silty clay loam 4.8 Douglas-ﬁra/
136c 782 Gravelly silty loam 5.4 Douglas-ﬁra;
a Dominant species on each site.
b Soil types on the site McKenzie River series, Ultic Hapludalf.
c Soil types on the site Carpenter series, Typic Dystrochrept.
d Soil types on the site Frissell series, Typic Eutrochrept.Cascades of Oregon (lat. 44150N, long. 122100W) in the 6400 ha
watershed of Lookout Creek, a tributary of Blue River and the
McKenzie River. Mean annual temperature at the headquarters site
of HJA is 8.7 C (1973–2002) and annual precipitation during the
same period is 2370 mmy1, mostly as rain (Brant et al., 2006).
About 90% of the annual precipitation falls between October and
April with the wettest month being December and peak drought
conditions occurring in July (Franklin et al., 1990). Soils at the
sampling sites were either Inceptisols formed from glacial deposits
with poorly developed proﬁles lacking a textural B horizon and
classiﬁed as either typic dystrochrepts (Carpenter series), or typic
eutrochrepts (Frissel series). The other major soil type was formed
in residuum and colluvium with a developed B horizon and clas-
siﬁed as an ultic hapludalf (McKenzie River series).
Soil samples were collected during late Spring of 2005 and early
Fall of 2006 from four old growth and four second growth sites. The
old growth and second growth sites contained trees that were
either more than 300 or approximately 50 years old, respectively.
Other site properties (elevation, soil texture, pH, and vegetation
cover) are presented in Table 1. At each site, soil samples were
collected from four positions along the main slope gradient
providing four pseudo-replications per site per season. The O
horizonwas sampledmanually by collecting the organic material in
the soil surface after removing the undecomposed litter. The A
horizon was sampled in the 0–5 cm mineral soil layer using
a trowel. No soil was collected from locations where ectomycor-
rhizal mats were visually identiﬁed. After collection, samples were
refrigerated, transported in a cooler, sieved (4 and 2 mm opening
for O and A horizons, respectively), and stored at 4 C. All analyses
were performed within one week of sampling.2.1. Stress/disturbance treatments
Soil from one HJA old-growth site (site 37 – Table 1) was
manipulated in the laboratory to simulate stress and disturbance.
This soil was re-sampled in April 2007 by collecting a composite
sample from the A horizon (0–5 cm layer). The soil was air dried,
sieved through a 2 mm sieve, divided into 72 portions, each
equivalent to 40 g of oven-dry soil, and placed into 150 mL ﬂasks.
This provided 64 experimental units for four treatments (with four
levels of each treatment) and two sets of controls. Soil samples
were pre-incubated at 25 C and 60% of the water holding capacity
(WHC) for 24 h for stress treatments, and 72 h for disturbance
treatments.
Stress treatments consisted of either changing pH or increasing
soil Cu concentrations, and disturbance treatments consisted of
wet–dry or freeze–thaw cycles. These treatments were applied.edu/lter).
anagement history
(Pseudotsuga menziesii); vine maple (Acer circinatum)
Paciﬁc yewa (Taxus brevifolia); Paciﬁc rhododendron (Rhododendron macrophyllum)
western red cedar (Thuja plicata); western hemlock (Tsuga heterophylla)
western red cedar; vine maple
(clearcut 1954; burned, replanted 1957)
(clearcut 1959; burned; natural regeneration)
(clearcut 1959; burned; natural regeneration)
western red cedar/(clearcut 1954; burned; replanted 1967)
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stress, the current soil pH (5.5) was increased or decreased by one
or two pH units (3.5, 4.5, 6.5, and 7.5) using solutions of NaOH
(0.5 M) or HCl (1 M), respectively. The amounts of NaOH and HCl
required to attain each pH level were determined from pH–buffer
curves. Different levels of Cu were attained by applying CuSO4 at
rates of 50, 200, 800 and 3200 mg Cu g1 soil. Decreases in soil pH
caused by CuSO4 additions were corrected by adding sufﬁcient
NaOH to adjust the pH back to its initial level.
Disturbance simulated by wet–dry cycles consisted of air-drying
soil with fan-forced air at 20–25 C for 24 h, followed by rapid
rewetting to 60% WHC and incubation for 24 h in the dark. Soil
samples were subjected to one, two, four, or eight successive wet–
dry cycles. A separate set of soils was subjected to one, two, four, or
eight successive freeze–thaw cycles. Each freeze–thaw cycle con-
sisted of freezing at 20 C for 24 h followed by thawing and
incubation at 25 C and 60% WHC for 24 h.
Following application of both pH and Cu treatments, soils were
incubated at 25 C and 60% WHC for 4 weeks. For the two distur-
bance treatments, soils were incubated for 15 d counted from the
last drying or freeze cycle. This time interval was considered
adequate to allow sufﬁcient re-equilibration of the microbial
communities after imposition of each disturbance or stress treat-
ment and for decomposition of organic C released from microor-
ganisms killed by the treatments (Degens et al., 2001). Each
treatment was applied to four replicates. The two sets of controls
(one for each group of stress and disturbance treatments) were
continuously incubated at 25 C and 60% WHC.
2.2. Soil analyses
Gravimetric water content was determined after drying
samples at 54 C for 36 h. pH was determined on a pH meter after
equilibrating 10 g of wet soil with 30 mL of deionized water for
60 min. Soil organic carbon (SOC) and total N were determined by
dry combustion with an LECO CNS-200 analyzer (LECO Corp.,
St. Joseph, MI).
2.3. Soil enzymes
Enzyme assays were performed by slurrying 10 g of wet soil in
30 mL of deionized water. The resulting slurries were continuously
stirred on a magnetic stir plate while 1 mL aliquots were dispensed
into test tubes (2 replicates per sample per assay). Activities of b-
glucosidase, phosphatase and N-acetyl-glucosaminidase were
measured by conventional p-nitrophenyl-ester based assays
(Tabatabai, 1994; Parham and Deng, 2000), with some modiﬁca-
tions proposed by Caldwell et al. (1999). One mL aliquots of soil
slurry were incubated at 30 C with 1 mL of either 10 mM p-
nitrophenyl-b-glucoside, 50 mM p-nitrophenyl-phosphate or
10 mM p-nitrophenol-N-acetylglucosamide. The phosphatase
activity was run unbuffered to measure enzyme activity at soil pH
(Caldwell et al., 1999). After 1 h, 0.5 mL aliquots of 0.5 M CaCl2 were
added and reactions terminated by adding either 2 mL of 0.1 M pH
12 tris(hydroxymethyl)aminomethane to the b-glucosidase assay,
or 2 mL of 0.5 M NaOH to the phosphatase and N-acetyl-glucosa-
minidase assays. Controls consisted of slurry without substrate and
substrate without slurry.
Phenol oxidase activity was measured spectrophotometrically
by adding to each soil slurry 1 mL of 5 mM L-3,4-dihydrox-
yphenylalanine (DOPA) in 50 mM acetate buffer, pH 5 (Sinsabaugh
et al., 1999). Controls consisted of adding 1 mL of acetate buffer to
soil slurries. After 1 h of incubation at 30 C, 1 mL of 0.6% (w/v)
sodium azide solution was added to stop the reaction. The
suspensions were centrifuged and the activity quantiﬁed bymeasuring absorbance at 460 nm. Calculation of the quantity of
dihydroindole–quinone–carboxylate formed was based on
a micromolar extinction coefﬁcient of 1.6 (Sinsabaugh et al., 1999).
Protease activity was determined as the rate of tyrosine equiv-
alents released from casein substrate according to Ladd and Butler
(1972) with the following modiﬁcations. One mL of soil slurry was
added to 1 mL of caseinate (0.2 g l1)þ sodium azide (0.1 g l1)
solution and incubated at 30 C. After 24 h, the reaction was
stopped with 1 mL of trichloroacetic acid. The concentration of
tyrosine equivalents in 1 mL aliquots of supernatant was deter-
mined colorimetrically (578 nm) using the Lowry method. Controls
consisted of substrate solution mixed with 1 mL of dH2O instead of
soil slurry. Activity was expressed as mg of tyrosine equivalents
released per gram of dry soil per hour.
Urease activity was measured by determination of NH4
þ released
after the incubation of soil samples with a buffered urea solution
for 2 h at 37 C (Kandeler and Gerber, 1988). Ammonium was
determined with an Astoria-Paciﬁc series 300 autoanalyzer (Asto-
ria-Paciﬁc, Inc., Clackamas, Oreg.).
2.4. Soil respiration and net N-mineralization
Soil respiration was determined by adding portions of soil (30
and 15 g for A and O horizons, respectively), with water contents
adjusted to 70% ofWHC, to 500 mLMason jars. The jars were sealed
with caps containing a rubber septum and incubated at 25 C for
20 d. At 5-d intervals, the air in the overhead space was sampled
from each jar and CO2 determined by chromatography. After each
reading the jars were left open for half an hour to ventilate and then
re-sealed.
The rate of net N-mineralization was determined by measuring
the difference in inorganic nitrogen levels in soil samples before
and after 20 d of incubation. The soil samples were the same as
used tomeasure soil respiration. Extractions were performed on 5 g
portions of wet soil with 15 mL of 2 M KCl. Aliquots of the ﬁltrate
were analyzed for NH4
þ and NO3 with an autoanalyzer. Nitrogen
mineralization was expressed as mg of mineral N produced per
gram of dry soil per day.
2.5. Microbial biomass C
Microbial biomass C (MBC) was determined by the chloroform
fumigation extraction method, using 0.5 M K2SO4 as extractant
(Vance et al., 1987). The organic C of extracts was estimated by
combustion in a mass spectrometer. The difference in C content
between the fumigated and unfumigated extracts was converted to
MBC by applying a factor (Kc) of 0.45 (Jenkinson, 1988). Results
were expressed as mg of MBC per gram of dry soil. The metabolic
quotient, qCO2 (microbial respiration per unit of biomass), was
calculated and expressed in mg CO2-Cmg
1 biomass C d1 (Ander-
son and Domsch, 1985).
All chemical, biochemical and biological soil properties
described above were analyzed in soil samples collected during
Spring 2005. Analyses of this data set revealed the best predictors
of SOC and total N (details in the ‘‘Statistical analyses’’ section).
Therefore, besides SOC and total N, all samples collected afterwards
were analyzed only for phosphatase, b-glucosidase, phenol oxidase,
respiration and MBC. These included samples from Fall 2006 and
those subjected to stress and disturbance treatments.
2.6. Statistical analyses
Analytical results obtained from site pseudo-replicates within
each sampling date were pooled before the statistical analysis.
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(models) able to predict SOC and total N based on the chemical and
biochemical soil properties analyzed. All variables were subjected
to natural logarithmic transformation (except N-mineralization,
which included negative values) in order to assure homoscedas-
ticity and linearity between the dependent and the explanatory
variables. A preliminary model was selected using the Spring 2005
data set which included a total of 10 explanatory variables. The
Mallows’ Cp statistic (Mallows, 1973) was used to provide the best
subset selection of predictors by examination of all possible
regressions. The best model was considered that with the smallest
number of parameters with acceptable ‘‘p-values’’, and a Mallows’
Cp value closest to the number of parameters. Alternative models
were also selected after removing each one of the previously
selected predictors from the data set. For example, if the variables
‘‘A’’ and ‘‘B’’ were selected using the original data set, two alter-
native models were deﬁned using the same pool of original vari-
ables but excluded either ‘‘A’’ or ‘‘B’’. The selected predictors in both
main and alternative models were the ones analyzed in soil
samples collected in the Fall 2006 and in the soils submitted to
stress and disturbances.
A second data set which included Fall 2006 samples was used to
evaluate the consistency of the predictors previously selected. The
deﬁnition of a ﬁnal consensus model was performed by combining
both the Spring 2005 and Fall 2006 data sets. The robustness of all
the selected models to spatial variation was evaluated by testing
the statistical signiﬁcance of site, stand age and soil horizon when
thesewere added as covariates. Temporal robustness was evaluated
in the consensus model by testing the statistical signiﬁcance of
‘‘season’’ as covariate. Multi-collinearity among the model predic-
tors was evaluated by the variance inﬂation factor (VIF) (Marquard,
1970) and using 10 as cut-off value.
A two-sided multiple comparison with a control (MCC) test was
used to evaluate the effects of stresses and disturbances on soil
biochemical properties, and on the ratio between the SOC predicted
by the model (Cp) and the SOC measured (Cm). All statistical anal-
yses were performed using S-Plus 8.0 (Insightful Corp.).
3. Results
3.1. Variation in soil properties
Total SOC measured among the sites ranged from 3.4 to 13.4% in
the 0–5 cm of the A horizon, and from 17.5 to 39.6% in the O horizon
(Table 2). Soil total N values ranged from 0.12 to 0.30% in the A
horizon, and from 0.27 to 1.13% in the O horizon. Variations in soil
biochemical properties within soil horizon were generally in theTable 2
Statistical descriptions of values of chemical and biochemical properties of the H.J. Andr
O horizon
Min Max Mean C
Soil organic C (%) 17.5 39.6 29.9
Total N (%) 0.27 1.13 0.69
b-Glucosidase (mmol PNP g1 h1) 9.8 33 17
Phosphatase (mmol PNP g1 h1) 81 319 173
Glucosaminidase (mmol PNP g1 h1) 11 25 20
Phenol oxidase (mmol diqc g1 h1) 117 313 199
Urease (mgNH4
þ-N g1 h1) 72 260 176
Protease (mg Tyr g1 h1) 1.5 3.6 2.5
N-mineralization (mg N g1 d1) 0.8 0.5 0.1 4
Soil respiration (mg CO2-C g
1 d1) 115 513 346
Microbial biomass C (mg C g1) 2.3 6.9 4.8
qCO2 (mg CO2-Cmg
1 biomass C d1) 2.2 6.0 3.2
a Ratio between average values of O and A horizons.same order of magnitude of that for SOC and total N. For instance,
the coefﬁcient of variation (CV) for SOC in both soil horizons ranged
from 23.8% in the O horizon to 36.3% in the A horizon, whereas the
CV for all biochemical properties (except for the rate of N-miner-
alization) ranged between 17 and 42%. Generally, there was a large
difference in soil properties between the A and O horizons.
Nevertheless, the magnitude of this difference was dependent on
the soil property considered. The O/A ratio was 4.7 for SOC and 3.3
for total N, and ranged from 2.6 to 5.7 for the soil enzymes
analyzed. The lowest O/A ratio calculated was for N-mineralization
(0.6) while the highest ratios were for soil respiration activity and
MBC, which were equivalent to 9.9 and 9.3, respectively (Table 2).
Few soil properties differed when comparing old growth and
second growth sites. Except for respiration, which was 23% higher
in both O and A horizons of old growth sites (p< 0.05), the
observed differences occurred only when comparing the O hori-
zons. Accordingly, the O horizon of old growth sites had higher
values of SOC (37%; p< 0.01), total N (102%; p< 0.001), and phos-
phatase (58%; p< 0.05) in relation to second growth sites. A similar
trend was observed for MBC (34%) and for b-glucosidase (37%), but
at a lower statistical signiﬁcance level (p< 0.10). No signiﬁcant
differences regarding stand age were found for phenol oxidase,
protease, N-acetyl-glucosaminidase, urease, and N-mineralization
either in O or A soil horizon.
As might be expected, biological soil properties showed higher
seasonal ﬂuctuations than SOC and total N (Table 3). In general, soil
samples collected during Fall 2006 had lower microbial activities
(respiration, enzyme activity and qCO2) compared to Spring 2005;
yet their MBC values were either similar (O horizon) or higher (A
horizon) than those observed during the Spring. The highest
seasonal ﬂuctuations in the A horizon occurred in MBC, qCO2, and
phosphatase activity, whereas the same was valid for soil respira-
tion and qCO2 in the O horizon.
3.2. Correlation between SOC, total N, and biochemical properties
Most of the biological properties were highly correlated with
SOC (Table 4). The highest signiﬁcant correlation coefﬁcients were
obtained for phosphatase activity (r¼ 0.978), MBC and soil respi-
ration (both with r¼ 0.971), whereas the lowest was for urease
activity (r¼ 0.758). Only N-mineralization and qCO2 were not
signiﬁcantly correlated with SOC. Correlation of soil total N with
biological properties was slightly lower compared to those
obtained for SOC. The highest correlation was for phosphatase
(r¼ 0.904) following by phenol oxidase (r¼ 0.877), MBC
(r¼ 0.873), b-glucosidase (r¼ 0.857), and respiration (r¼ 0.850).
Similar to SOC, the lowest signiﬁcant correlation was for ureaseews Forest soils (Table 1).
A horizon (0–5 cm) O/A horizona
V (%) Min Max Mean CV (%)
24 3.4 13.4 6.3 36 4.7
39 0.12 0.30 0.21 24 3.3
36 1.9 6.5 3.8 37 4.5
36 23 84 41 39 4.2
24 4.3 7.4 5.8 18 3.4
34 25 86 57 35 3.5
38 50 86 67 17 2.6
30 0.1 0.7 0.4 41 5.7
29 0.0 0.5 0.2 97 0.6
35 23 54 35 26 9.9
24 0.3 0.9 0.5 26 9.3
34 1.6 6.0 3.4 42 1.06
Table 3
Seasonal differences in chemical and biochemical soil properties expressed as
a percentage of change that occurred in Fall 2006 relative to Spring 2005.
% Change
O horizon A horizon
Soil organic C 5 10
Total N 14 6
b-Glucosidase 16 20
Phosphatase 5 28
Phenol oxidase 11 10
Respiration 34 16
Microbial biomass C 2 44
qCO2 37 42
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with total N.3.3. Selection of SOC and total N predictors
The analysis of the Spring 2005 data set showed that phos-
phatase activity and MBC were the most reliable SOC predictors
based on the Mallows’ Cp statistic analysis (Table 5). The equation
ﬁtted through multiple linear regression using these two variables
was able to explain 98% of the SOC variation of the sites. Alternative
sets of predictors for SOC were also evaluated after omitting either
phosphatase or MBC from the original data sets (Table 5). This
analysis selected soil respiration and phenol oxidase activity as
substitutes for MBC and phosphatase, respectively. Nevertheless,
these alternative data sets presented limitations associated with
high multi-collinearity among predictors (VIF> 10), or spatial
dependency as indicated by signiﬁcant statistical p-values for one
of the tested covariates (Table 5).
The consistency of phosphatase and MBC as predictors of SOC
was conﬁrmed when using the second data set obtained in the Fall
2006. Similarly to the model obtained with the Spring 2005 data,
phosphatase and MBC were able to explain 98.3% of the SOC vari-
ability of samples collected in Fall 2006. The consensus model,
adjusted using the combination of both Spring 2005 and Fall 2006
data sets, was able to explain 97% of the SOC variation using the
following equation:
lnðSOCÞ ¼ 1:236þ 0:276 lnðphosphataseÞ þ 0:289 lnðMBCÞ
(1)
where total C is expressed as percentage, phosphatase activity in
mmol of PNP g1 soil h1 and MBC in mg C-biomass g1 soil. This
model was shown to be robust to seasonal and spatial variations
because none of the tested covariates (season, site, stand age and
soil horizon) were statistically signiﬁcant when added to the model
above. In addition, the relative low value of VIF (5.6) indicated an
acceptable level of multi-collinearity among the two predictors.Table 4
Correlation coefﬁcients between SOC, total N, and biological and biochemical soil
properties.
Soil property SOC Total N
Phosphatase 0.978*** 0.904***
Microbial biomass C 0.971*** 0.873***
Respiration 0.971*** 0.850***
N-acetyl-glucosaminidase 0.942*** 0.766***
Phenol oxidase 0.935*** 0.877***
Protease 0.915*** 0.751***
b-Glucosidase 0.894*** 0.857***
Urease 0.758*** 0.539*
N-mineralization 0.341 0.171
qCO2 0.064 0.072
*p< 0.05; ***p< 0.001.Several sets of predictors of total N were also selected using the
same criteria used for SOC (Table 5). Nevertheless, the coefﬁcients
of determination (R2) for all ﬁtted models were lower than those
obtained for SOC, and most models presented either elevated VIF
values, or signiﬁcant spatial or temporal covariates. For these
reasons, a suitable equation relating total soil N with soil
biochemical properties could not be deﬁned.
3.4. Effect of stress and disturbance on biochemical soil properties
Stress and disturbance treatments simulated on soil samples
from site 37 caused different effects on the biological and
biochemical properties. The application of 1, 2, 4 or 8 freeze–thaw
cycles signiﬁcantly reduced b-glucosidase activity and MBC
(Table 6). However, changes in b-glucosidase were not proportional
to the disturbance levels as occurred for MBC. Phosphatase, phenol
oxidase, respiration, and qCO2 activities did not respond to freeze
and thaw cycles. When disturbances were applied as wet–dry
cycles, MBC was signiﬁcantly reduced by all treatment levels,
whereas the activities of the three enzymeswere only affected after
four or more wet–dry cycles. This treatment did not cause signiﬁ-
cant change to soil respiration or qCO2 (Table 6).
Although addition of Cu or modiﬁcation of soil pH affected all
ﬁve biochemical soil properties (Table 6), there was either no
consistency in the change in response to the stress, or it was in the
opposite direction from that observed after disturbance treatments.
For example, soil respiration activity was increased by the two
lowest Cu doses, and decreased by the two highest ones. Moreover,
qCO2, b-glucosidase and phenol oxidase activities tended to
increasewith the increase of Cu added to the soil, whereasMBC and
phosphatase activity decreased. Increase of soil pH from 5.5 to 6.5
or 7.5 also increased the phenol oxidase activity in addition to soil
respiration and MBC. However, a shift from 5.5 to pH 4.5 or 3.5
signiﬁcantly increased the activities of all three soil enzymes
d especially of phenol oxidase and b-glucosidased and decreased
soil respiration, MBC and qCO2.
3.5. Changes in the Cp/Cm ratio
The ratio between soil C predicted by equation (1) and soil C
actually measured (Cp/Cm) varied consistently with the levels of
stress and disturbances. The Cp/Cmwas close to unity in the two sets
of controls, and tended to decreasewith the increase of the stress or
disturbance applied (Fig.1). In all disturbance and stress treatments
there was no signiﬁcant change in SOC relative to controls after the
incubation period. Therefore, the decreases observed in Cp/Cm
resulted exclusively from an underestimation of the predicted C
(Cp).
Application of 4 and 8 freeze–thaw cycles signiﬁcantly
decreased Cp/Cm from 0.99 in the control to 0.93 and 0.92,
respectively (Fig. 1A). Wet–dry cycles caused a more drastic effect
on soil, decreasing Cp/Cm from 0.93 after 1 freeze–thaw cycle to 0.85
after 8 cycles (Fig. 1B). Soils treated with Cu also showed a signiﬁ-
cant decrease in Cp/Cm, but only at the two highest doses applied
(800 or 3200 mg g1 Cu). Notwithstanding, the application of the
highest dose changed Cp/Cm to 0.68, the lowest value among all
stress and disturbance simulations (Fig. 1D). Increase in soil pH did
not produce changes in Cp/Cm; however, a signiﬁcant decrease in
this ratio was observed when the soil pHwas shifted to 3.5 (Fig. 1C).
4. Discussion
The high degree of variability of soil biological and biochemical
properties due to climate, season, geographical location, and
pedogenetic factors has been cited as the main problem that
Table 5
Best set of explanatory variables for SOC and total N content deﬁned by multiple regression analysis using the Spring 2005 (S) data set.
Dependent variable Data set Selected explanatory variables R2 Cp
a VIFb df Signiﬁcant covariates
SOC S PME***; MBC** 0.979 7.6 8.9 13
SOC S without MBC PME**; RESP* 0.972 5.1 11 13
SOC S without PME MBC***; PhOx* 0.959 5.0 4.1 13 Stand age*
Total N S PME***; NAG* 0.881 2.2 10 13
Total N S without NAG PME***; RESP* 0.837 1.0 11 13 Stand age*
Total N S without PME b-GLC*** 0.645 1.7 ND 14 Stand age*
PME, phosphatase; MBC, microbial biomass C; RESP, respiration; PhOx, phenol oxidase; NAG, N-acetyl-glucosaminidase; b-GLC, b-glucosidase.
***p< 0.001; **p< 0.01; *p< 0.05.
a Mallows’ Cp statistic (Mallows, 1973).
b Variance inﬂation factor (Marquard, 1970).
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2005). Such high spatial and temporal variations were demon-
strated in this and several other studies (Trasar-Cepeda et al., 1998;
Leiros et al., 2000; Chen et al., 2003; Miralles et al., 2007).
Notwithstanding, most biological and biochemical soil properties
were highly correlatedwith SOC, and to a lesser degreewith total N,
despite differences in soil horizon, season, and sampled sites.
Signiﬁcant correlation coefﬁcients between SOC and soil
biochemical properties have been described in other forest and
agricultural soils (Perucci et al., 1997; Trasar-Cepeda et al., 1998;
Leiros et al., 2000; Chodak et al., 2003; Nsabimana et al., 2004;
Miralles et al., 2007), but values as high as the ones found in this
study have been rarely reported (e.g., Haynes, 1999). One expla-
nation for these high correlation values may be the wide range of
values obtained for SOC and most biochemical properties analyzed
(Table 2).
In fact, SOC plays an important role in determining the size of the
microbial biomass and the level of soil enzyme activity. Higher
contents of SOC can support more biological activity because the
energy and available nutrient status in soils are enhanced (Nour-
bakhsh, 2007). Our results demonstrated that such a relationship
between SOC and biological and biochemical properties is inTable 6
Effect of different disturbance and stress treatments on individual soil biological and bio
b-Glucosidase
(mmol g1 h1)
Phosphatase
(mmol g1 h1)
Phenol oxidase
(mmol g1 h1)
Freeze–thaw cycles
0 1.99 33.4 0.13
1 1.60* 35.6 0.13
2 1.66* 35.1 0.13
4 1.39* 31.6 0.12
8 1.67* 34.3 0.13
Wet–dry cycles
0 1.99 33.4 0.13
1 1.90 31.3 0.12
2 1.89 30.6 0.12
4 1.62* 27.3* 0.11*
8 1.54* 26.5* 0.10*
Cu added (mg g1)
0 1.61 30.3 0.11
50 1.85 30.0 0.13*
200 2.03 29.3 0.14*
800 1.74 22.9* 0.20*
3200 3.52* 14.0* 0.35*
Adjusted pH
7.5 1.39 27.8 0.20*
6.5 1.69 32.1 0.16*
5.5 (control) 1.61 30.3 0.11
4.5 1.81 31.1 0.18*
3.5 2.79* 34.1* 0.20*
*Values are statistically different from the control (p< 0.05) within each soil property anequilibrium in high quality soils (undisturbed native soils) as previ-
ously suggested by Trasar-Cepeda et al. (1998). This equilibriumwas
expressed in a spatially and temporally robust model that could
explain97%of the SOCvariation in theHJA forest soils usingonlyMBC
and phosphatase activity as predictors (Table 5; Eq. (1)). The adjust-
mentof thismodelwasashighas thatobtainedbyTrasar-Cepedaetal.
(1998) to express the total soil N of undisturbed soils inGalicia, Spain.
Interestingly, their model required ﬁve biological and biochemical
properties as predictors, and also included MBC and phosphatase
activity. This fact conﬁrms the close association of these two prop-
erties with SOC in undisturbed soils of different ecosystems.
Trasar-Cepeda et al. (1998) suggested that the equilibrium
between total N and biochemical properties expressed in their
model would be disrupted by variations in the biochemical quality
of soils as a result of degradation processes. Subsequent studies
showed that in agricultural and polluted soils the ratio between the
calculated total soil N (Nc) using the equation previously deﬁned,
and the total N obtained by Kjeldahl method (Nk) was consistently
altered relative to undisturbed soils (Leiros et al., 1999; Trasar-
Cepeda et al., 2000; Migue´ns et al., 2007). Therefore, the Nc/Nk
ratio was proposed as an index of the biochemical quality of soils.
By analogy, we tested the validity of the ratio between soil Cchemical properties. Control values are in bold.
Respiration
(mg CO2-C g
1 d1)
MBC
(mg C g1)
qCO2
(mg CO2-Cmg
1MBC d1)
19.1 0.36 0.53
15.5 0.33* 0.47
16.4 0.32* 0.52
16.3 0.30* 0.55
15.9 0.27* 0.59
19.1 0.36 0.53
17.8 0.30* 0.52
19.2 0.31* 0.61
19.3 0.28* 0.68
15.2 0.26* 0.58
14.7 0.41 0.36
16.9* 0.39 0.43
16.2* 0.38 0.43
13.5* 0.31* 0.44
13.3* 0.22* 0.61*
18.2* 0.46* 0.40
16.6 0.42 0.40
14.7 0.41 0.36
10.8* 0.37* 0.29
7.1* 0.30* 0.24*
d stress/disturbance treatment.
Fig. 1. Changes in the ratio between the SOC predicted using equation (1) and SOC measured (Cp/Cm) in soils samples subjected to increasing levels of disturbance/stress imposed by
freeze–thaw (A); by wet–dry cycles (B); by Cu addition (C); by changing soil pH (D). Error bars indicate the standard error of means (4 replicates). Asterisks indicate signiﬁcant
difference from respective controls (p< 0.05).
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indicate the degradation caused by disturbances and stresses
applied to one of the HJA forest soils. The ability of both Cp/Cm and
individual biochemical properties to respond to these treatments is
discussed in the following sections.
4.1. Response of individual soil properties to stresses and
disturbances
A suitable soil quality indicator must be: (a) sensitive to as many
degrading agents as possible; (b) show a consistent directional
change in response to a given contaminant, and (c) be able to reﬂect
different levels of degradation (Elliott, 1997). Most of the biological
and biochemical properties analyzed in soils submitted to stresses
and disturbances failed in at least one of these requirements (Table
6). For instance, b-glucosidase, phosphatase, phenol oxidase,
respiration and qCO2 activities were insensitive or unable to
differentiate the level of freeze–thaw disturbance. Additionally, the
decrease of qCO2 with soil acidiﬁcation was contrary to the trend
observed in another study (Blagodatskaya and Anderson,1999). Soil
enzymes also expressed complex responses to the stress treat-
ments. For example, b-glucosidase and phosphatase activities
increased when soil pH was lowered, but they responded in
opposite directions to addition of Cu with b-glucosidase being
stimulated while phosphatase was inhibited. An increase of b-
glucosidase activity in response to Cu was also observed in soils
incubated in the laboratory with up to 10,000 mg g1 of Cu for 4
weeks (Leiros et al., 1999). In contrast, heavy metal contaminated
sites (Cd, Zn, Cu and Pb) showed reduced activity of this enzymecompared to uncontaminated ones (Lee et al., 2002). Complex and
inconsistent behavior of soil enzymes has also been described in
soils polluted by different types of contaminants (Trasar-Cepeda
et al., 2000; Gianfreda et al., 2005).
Microbial biomass C was the only variable that changed consis-
tently in response to all stress and disturbance treatments. MBCwas
also considered to be the most reliable biochemical parameter by
41% of authors on a list of papers where individual soil properties
were studied as soil quality indicators (Gil-Sotres et al., 2005).
Nevertheless, this review also describes a series of results showing
contradictory responses of MBC to soil management or contamina-
tion. In another study, MBC was not affected or slightly increased in
a cropped and a pasture soil submitted to similar pH and Cu stresses
or wet–dry and freeze–thaw disturbances (Degens et al., 2001). The
validity of MBC as a reliable indicator of soil quality can also be
questioned when spatial and seasonal variabilities in natural and
agricultural soils are considered (Murphy et al., 1998; Corre et al.,
2002; Chen et al., 2003). This fact precludes the deﬁnition of refer-
ence values forMBC,which arenecessary to access themagnitude of
soil degradation relative to its previous state.
4.2. Validity and sensitivity of Cp/Cm as a soil quality index
The ratio Cp/Cm was consistently reduced by the increasing
levels of stress and disturbances applied to the soils (Fig. 1). In
addition, Cp/Cm was able to discriminate among the disturbance/
stress treatments. For example, soils treated with wet–dry cycles
and Cu seemed to be more affected than those treated with freeze–
thaw cycles and shifts in pH (Fig. 1). Wet–dry cycles also caused
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compared to freeze–thaw cycles (Degens et al., 2001). However,
this microbial parameter underwent a greater decline in response
to soil acidiﬁcation than additions of up to 1000 mg Cu g1 soil. The
negligible alteration in Cp/Cm in response to increase in soil pH from
5.5 to 7.5 suggests that this treatment did not alter the soil
biochemical balance. Such a response could be expected if the
greater negative effects of soil acidiﬁcation on a microbial
community are considered relative to neutral conditions (Blago-
datskaya and Anderson, 1999). Clearly, in our study, the Cp/Cm
response to a physical or chemical disturbance was most
pronounced when both biomass and phosphatase activity declined
(wet–dry cycles and Cu treatments, Fig. 1B and C). However, situ-
ations were also identiﬁed where the microbial community
responded to a disturbance with a combination of lower biomass
and either higher phosphatase activity (acidiﬁcation to pH 3.5) or
no change in activity (freeze–thaw cycles). In these latter situations
the responses of Cp/Cm to treatments were less pronounced (Fig. 1A
and D). Further work is needed to address the longer term impact of
these different types of response on soil quality, and to address the
issue of resistance of the adapted community biomass and its
associated activities to further stress.
Considering our results, Cp/Cm ratio can be considered a reliable
biochemically-based soil quality index. This index can be obtained
directly by equation (1) rewritten as:
Index

Cp=Cm
 ¼ ð17:12=CmÞ0:435ðphosphatase=CmÞ0:276
ðMBC=CmÞ0:289
where Cm (SOC measured) is expressed as a percentage, phospha-
tase activity in mmol of PNP g1 soil h1 and MBC in mg C-bio-
mass g1 soil. In contrast to individual biological and biochemical
soil properties, the Cp/Cm provides a simple reference value against
which the degrading effects of pollutants or management practices
on soil quality can be readily accessed. Therefore, Cp/Cmwill be 1 in
high quality, undisturbed soils (where the ratios of MBC to SOC and
phosphatase to SOC are fairly constant) and will increase or
decrease according to the intensity of soil degradation. On
a cautionary note, we could not ﬁt a similar equation to predict the
soil total N of the H.J. Andrews Forest soils using the same set of
variables selected by Trasar-Cepeda et al. (1998). In our study we
noted that net N-mineralization did not correlate with either SOC
or total N, whereas in the Spanish study of Trasar-Cepeda et al.
(1998) good correlations were obtained. It is entirely possible that
the quality and availability of N differ between the two forest types,
and that the tempo of N cycling involves different biological
strategies and drivers. In addition, the ﬁt of their equation to our
data set resulted in highly overestimated values of soil total N.
Therefore, it is likely that the speciﬁc model describing the Cp/Cm
ratio might only be valid for the range of soils and plant ecosystems
on which the model was developed as originally suggested by Gil-
Sotres et al. (2005). As a ﬁnal point, it should be noted that the
validity and consistency of the Cp/Cm response were tested under
a limited range of stresses and disturbances under laboratory
conditions. Although it is likely that similar responses will occur
under ﬁeld conditions or as a result of other degrading agents
(Leiros et al., 1999; Trasar-Cepeda et al., 2000; Migue´ns et al., 2007),
further studies should be carried out to evaluate the response of Cp/
Cm to soil degradation under ﬁeld conditions.5. Conclusion
This study is only the second report in the soil’s literature
providing evidence for a biochemical balance in high qualityundisturbed soils, which can be expressed by a simple mathe-
matical model. In addition, our results conﬁrm the hypothesis that
such balance is disruptedwhen the soil is subjected to disturbances
or is under stress conditions, as previously observed in other soils.
On a cautionary note, however, the two models developed by us
and by Spanish workers were not complimentary, suggesting that
more work is needed to delineate the boundaries of validity of
different models. Keeping in mind the limitations presented above,
the use of the Cp/Cm ratio as a soil quality index remains compelling
because it provides a simple and straightforward interpretation of
the status of soil degradation, and requires analysis of only a few
soil properties.Acknowledgements
We thank Rockie Yarwood, Stephanie Yarwood, Laurel Kluber,
Joseph Blanchard, and Katie Tinnesand for help with ﬁeld collec-
tions, and laboratory analyses. The ﬁrst author acknowledges
fellowship support from the Brazilian Federal Agency for Graduate
Education (CAPES).References
Anderson, T.H., Domsch, K.H., 1985. Determination of ecophysiological maintenance
carbon requirements of soil microorganisms in a dormant state. Biology and
Fertility of Soils 1, 81–89.
Blagodatskaya, E.V., Anderson, T.H., 1999. Adaptive responses of soil microbial
communities under experimental acid stress in controlled laboratory studies.
Applied Soil Ecology 11, 207–216.
Brant, J.B., Sulzman, E.W., Myrold, D.D., 2006. Microbial community utilization of
added carbon substrates in response to long-term carbon input manipulation.
Soil Biology & Biochemistry 38, 2219–2232.
Caldwell, B.A., Grifﬁths, R.P., Sollins, P., 1999. Soil enzyme response to vegetation
disturbance in two lowland Costa Rican soils. Soil Biology & Biochemistry 31,
1603–1608.
Chen, C.R., Xu, Z.H., Blumﬁeld, T.J., Hughes, J.M., 2003. Soil microbial biomass during
the early establishment of hoop pine plantation: seasonal variation and impacts
of site preparation. Forest Ecology and Management 186, 213–225.
Chodak, M., Khanna, P., Beese, F., 2003. Hot water extractable C and N in relation to
microbiological properties of soils under beech forests. Biology and Fertility of
Soils 39, 123–130.
Corre, M.D., Schnabel, R.R., Stout, W.L., 2002. Spatial and seasonal variation of gross
nitrogen transformations and microbial biomass in a Northeastern US grass-
land. Soil Biology & Biochemistry 34, 445–457.
Degens, B.P., Schipper, L.A., Sparling, G.P., Duncan, L.C., 2001. Is the microbial
community in a soil with reduced catabolic diversity less resistant to stress or
disturbance? Soil Biology & Biochemistry 33, 1143–1153.
Dick, R.P., Breakwell, D.P., Turco, R.F., 1996. Soil enzyme activity and biodiversity
measurements as integrative microbiological indicators. In: Doran, J.W.,
Jones, A.J. (Eds.), Methods for Assessing Soil Quality. SSSA, Madison, pp.
247–271.
Doran, J.W., Sarrantonio, M., Jaure, R., 1994. Strategies to promote soil quality and
health. In: Pankhurst, C.E., Doube, B.M., Gupta, V.V.S.R., Grace, P.R. (Eds.), Soil
Biota: Management in Sustainable Farming Systems. CSIRO, Melbourne, pp.
230–237.
Elliott, E.T., 1997. Rationale for developing bioindicators of soil health. In:
Pankhurst, C.E., Doube, B.M., Gupta, V.V.S.R. (Eds.), Biological Indicators of Soil
Health. CAB International, Wellington, pp. 49–78.
Fedoroff, N., 1987. The production potential of soils. Part 1. Sensitivity of principal
soil types to the intensive agriculture of north-western Europe. In: Barth, E.,
L’Hermite, P. (Eds.), Scientiﬁc Basis for Soil Protection in the European
Community. Elsevier, London, pp. 65–86.
Franklin, J.F., Bledsoe, C.S., Callahan, J.T., 1990. Contributions of the long-term
ecological research program. BioScience 40, 509–523.
Gianfreda, L., Rao, M.A., Piotrowska, A., Palumbo, G., Colombo, C., 2005. Soil enzyme
activities as affected by anthropogenic alterations: intensive agricultural prac-
tices and organic pollution. Science of the Total Environment 341, 265–279.
Gil-Sotres, F., Trasar-Cepeda, C., Leiros, M.C., Seoane, S., 2005. Different approaches
to evaluating soil quality using biochemical properties. Soil Biology &
Biochemistry 37, 877–887.
Haynes, R.J., 1999. Size and activity of the soil microbial biomass under grass and
arable management. Biology and Fertility of Soils 30, 210–216.
Jenkinson, D.S., 1988. The determination of microbial biomass carbon and nitrogen
in soil. In: Wilson, J.R. (Ed.), Advances in Nitrogen Cycling in Agricultural
Ecosystems. CAB International, Wellingford, pp. 368–386.
Kandeler, E., Gerber, H., 1988. Short term assay of soil urease activity using colori-
metric determination of ammonium. Biology and Fertility of Soils 6, 68–72.
G.M. Chaer et al. / Soil Biology & Biochemistry 41 (2009) 822–830830Ladd, J.N., Butler, J.H.A., 1972. Short-term assays of soil proteolytic enzyme activities
using proteins and peptide derivatives as substrates. Soil Biology & Biochem-
istry 4, 19–30.
Lee, I.S., Kim, O.K., Chang, Y.Y., Bae, B., Kim, H.H., Baek, K.H., 2002. Heavy metal
concentrations and enzyme activities in soil from a contaminated Korean
shooting range. Journal of Bioscience and Bioengineering 94, 406–411.
Leiros, M.C., Trasar-Cepeda, C., Garcia-Fernandez, F., Gil-Sotres, F., 1999. Deﬁning the
validity of a biochemical index of soil quality. Biology and Fertility of Soils 30,
140–146.
Leiros, M.C., Trasar-Cepeda, C., Seoane, S., Gil-Sotres, F., 2000. Biochemical proper-
ties of acid soils under climax vegetation (Atlantic oakwood) in an area of the
European temperate-humid zone (Galicia, NW Spain): general parameters. Soil
Biology & Biochemistry 32, 733–745.
Mallows, C.L., 1973. Some comments on Cp. Technometrics 15, 661–675.
Marquard, D.W., 1970. Generalized inverses, ridge regression, biased linear esti-
mation, and nonlinear estimation. Technometrics 12, 591–612.
Migue´ns, T., Leiro´s,M.C., Gil-Sotres, F., Trasar-Cepeda, C., 2007. Biochemical properties
of vineyard soils in Galicia, Spain. Science of the Total Environment 378, 218–222.
Miralles, I., Ortega, R., Sa´nchez-Maran˜o´n, M., Leiro´s, M.C., Trasar-Cepeda, C., Gil-
Sotres, F., 2007. Biochemical properties of range and forest soils in Mediterra-
nean mountain environments. Biology and Fertility of Soils 43, 721–729.
Murphy, D.V., Fillery, I.R.P., Sparling, G.P., 1998. Seasonal ﬂuctuations in gross N
mineralisation, ammonium consumption, and microbial biomass in a Western
Australian soil under different land uses. Australian Journal of Agricultural
Research 49, 523–535.
Nannipieri, P., 1994. The potential use of soil enzymes as indicators of productivity,
sustainability and pollution. In: Pankhurst, C.E., Double, B.M., Gupta, V.V.S.R.,
Grace, P.R. (Eds.), Soil Biota: Management in Sustainable Farming Systems.
CSIRO, Melbourne, pp. 238–244.
Nourbakhsh, F., 2007. Decoupling of soil biological properties by deforestation.
Agriculture, Ecosystems & Environment 121, 435–438.Nsabimana, D., Haynes, R.J., Wallis, F.M., 2004. Size, activity and catabolic diversity
of the soil microbial biomass as affected by land use. Applied Soil Ecology 26,
81–92.
Parham, J.A., Deng, S.P., 2000. Detection, quantiﬁcation and characterization of
b-glucosaminidase activity in soil. Soil Biology & Biochemistry 32,
1183–1190.
Perucci, P., Bonciarelli, U., Santilocchi, R., Bianchi, A.A., 1997. Effect of rotation,
nitrogen fertilization and management of crop residues on some chemical,
microbiological and biochemical properties of soil. Biology and Fertility of Soils
24, 311–316.
Riffaldi, R., Saviozzi, A., Levi-Minzi, R., Cardelli, R., 2002. Biochemical properties of
a Mediterranean soil as affected by long-term crop management systems. Soil &
Tillage Research 67, 109–114.
Sinsabaugh, R.L., Klug, M.J., Collins, H.P., Yeager, P.E., Peterson, S.O., 1999. Charac-
terizing soil microbial communities. In: Robertson, G.P., Coleman, D.C.,
Bledsoe, C.S., Sollins, P. (Eds.), Standard Soil Methods for Long-term Ecological
Research. Oxford University Press, New York.
Spedding, T.A., Hamel, C., Mehuys, G.R., Madramootoo, C.A., 2004. Soil microbial
dynamics in maize-growing soil under different tillage and residue manage-
ment systems. Soil Biology & Biochemistry 36, 499–512.
Tabatabai, M.A., 1994. Soil enzymes. In: Weaver, R.W., Angle, J.S., Bottomley, P.J.
(Eds.), Methods of Soil Analysis. Part 2, Microbiological and Biochemical Prop-
erties. SSSA, Madison, pp. 775–833.
Trasar-Cepeda, C., Leiros, C., Gil-Sotres, F., Seoane, S., 1998. Towards a biochemical
quality index for soils: an expression relating several biological and biochemical
properties. Biology and Fertility of Soils 26, 100–106.
Trasar-Cepeda, C., Leiros, M.C., Seoane, S., Gil-Sotres, F., 2000. Limitations of soil
enzymes as indicators of soil pollution. Soil Biology & Biochemistry 32,
1867–1875.
Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass C. Soil Biology & Biochemistry 19, 703–707.
